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Abstract

A wavelength-modulation spéctrometer with a spectral range of
2000-8000A has been constructed. The systéﬁ méasures simultaneously
the derivative spectrum_and-the.conventional spectrum. The derivative_
spectrum has a sensitivity of AR/R ~ 107° and is completely free
of backgfound troub]e; With prober changes in the optical components,
the spectral range of the'spéctfometer cén be extended further into

the infrared and into the UV.
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I. INTRODUCTION

The advantages of der{vative spectrdscopy over conventional spectroscopy

t Although theoretically

have long been éxp]oited in EPR and NMR work.
~derivative spectroscopy can not.have.better resolution than convéntional
spectroscopy in the zero noise limit, it does make spectral structures more
apparent. That two closely overlapping peaks can be easily resolved in the
derivative spectrum is é well-known examp]e.2 Small structures‘superimbosed
ana brbad‘background can also be mofe readily detected in a derivative
'spectrum. The latter situation is fairly common in the optical spectra of

solids.3

Opfical derivat{ve‘spéctroscopy came into b]odm only recently? Several
- different modulation schemes were introduced. In most caées, the optical
spectrum of the sample is modu]ated by an external ac perturbation, such

as electric field,5 preséuré,ﬁ,temperafure,7 light intensity,8 etc., on the
sample. The moduTation speétrumvso obtained depends.intimately on how the
prOpgrty of the sahp]e is.affected by the external perturbation, and such
knowledge is often.limited. This is in contrést with the wavelength-
modulation scheme, in which the anelength of 1ight isfmodu1ated, but no
external ac perturbation is applied to the sample. Injthis latter case, a

plain derivative spectrum is obtained.

The first optical wavelength modulation spectrometer was designed by

Frénch and Church for absorpt16n meésurements on biological materia]s.g
| o | ' 10-14

Since then, several wavelength modulation spectrometers have been built,

‘for study of opfica] properties of solids.
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The main difficulty of the wavelength-modulation scheme is the
elimination of the huge background in the derivative spectrum arising
from differentiation of the spectral contribution of all the optical
components in the system. This background can be two to four orders
of magnitude larger than the sample spectrum. It is particularly
serious in the UV region where arc 1amps'with unavoidable narfow

spectral lines must be uséd‘as light sources.

A two-beam method is often used to eliminate the batkgrouhd. In
most wavelength-modulation spectrometers, the sample spectrum is extracted
from,thé background by subtraction 6f thertwo signals ffom the two |
beams. However, this is usually effective only when the background is not
much larger than the sample spettrum._ French and Church,g'on thé other
‘hand, devised an ingenious feedbaék_]oqp'which is able to achieve comp1ete
- compensation of the_backgrouhd. Unfortunately, their optica] system was

designed in such a way that it easily picks up spurious signals.

We have modified the design of French»and_Church,g_andihéve succeeded
in building a wave]ength-modu1ation.spectrometer free of background trouble
- in the tested range between 2000A and 8000A. This.spectra1'range can easily
be extended fakther into the UV and into the infrared. For measurements of
the ref]ectivity R, the spectrométer has a sensitivity of AR/R'Svlo'S, In
addition, iﬁ can also yield simu]téneous]yAtwo.signals R and dR/RdX, or

any of the other two combinationé, (R, dR/dr) and (1/R, dR/RdA)?»

In the_next.Section, we first discuss the principles of operation_of
~our wave]ength-modu]aﬁion spectrometer. Then, in Section III, we give a
description of the optical and electronic system. Finally, ih Section IV,

we present an example and discuss some features of the system.
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IT. PRINCIPLES OF OPERATION

A. -Principles of Wavelength Modulation

Let g(A-AO) - be the symmetric s1it function of the spéctrometer
centered at A and normalized to g(0) =1, and I(A)g(A-XO) be the
_light intensity at A reaching the photomultiplier after passing through

the spectrométer. Then, the electric.signal at the output is given by
S()\O)= fg'()\—)\o)G(x)I(A)dA v (1)
where G(A) 1is the coefficient for converting light intensity into the

final output electric signal.

If the central wavelength Ao is modulated such that
Ao = Ag + Acoswt, then by expanding T(A) = G(A)I(X) into a power series
~about Ag ‘we have

s00,t) = a(-20-Acosut) [T0O) + T (10 + 2 100 (100 +.... Jax

2 o’
g . (2)
Integration term by term of the above expression vields
0 _ Ovy o 1 (40 2.1 .2 :
S(OQ,t) = [TOOW + 3 7' (0 (g7 + 5 AP +... ]+
STTOOWA + L 00 A (w2 + LAY +. . |coset
#[TOQMA + 5 T"OGIHA(EN" + 7 A%) +... |coswt +
i+[...]c052wt + ... . (3)

1}
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where we have defined

%”a”, = j:g(x)xadx | (4)

with & =1, and &, =0 for odd a's resulting from the symmetry of
20 2

g(nr).

We notice.that wave]ength moduiation causes the signal S(Ag,t) to
contain all harmohics of the modulation frequency w. The amp]ifude of
each harmonic is'a‘power series which convérges quickly if both A and-
W Aare small. Since fhe electronic system uéua]]y filters out all the
higher-order harmonics, we only need to retain here the dc and the first

harmonic terms. Then,qu; (3) reduces to
v-‘S()\gv,t) = s%(9) + ;Ac(xg)cogwt | S | | (5)
If A and W aré‘sma11, theh to first qrder; we have
sbc(xg) sw'r(xg)‘ | IR | | I
sAC0Q) = AT | - o m

The above equations show that the signal obtained after detection of_ 
the wavelength modulated beam éontains a dc term SDC(kg) and an ac term
of amplitude SAC(Ag). Both magnitudes can be measured. The dc-signa]
SDC(Ag) is now proportional to_'T(Ag) like in a conventional spectro-
| AC, 0y .

()

'meter'withbut-modu]ation, and the first harmonic signal S is pro-

portional to the first derivative of T(Ag) with respect to Ag. It is
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easy to show that the approximations in Eqs. (6) and (7) are valid as

long as W and A are small, compared with the characteristic width

of the structure in the spectrum being measured.

B. Operating Principles of the Wavelength-Modulation Spectrometer

It is clear that T()\) hére is the product of the spectra of all
optical components in the light path, with only the slit function exé]uded;
However, we are only interested in fhe sample spectrum and its derivative.
In order to eliminate the unwanted background, we use a two-beam scheme
“in our spectrometer. The light beam from the spectrometer is split into
two with identical optical paths except that one beam undergoes an extra

reflection from or transmission through the sample.

Following Eqs. (6) and (7) (we drop the indices of X for simplicity),

we obtain from one beam

Sho (1)

WT () | @

ShC(x) WA(dTo/dX): - | | (9)

and from the other beam,

oC,
s20)

WT (DR(A) | | | (10)

i

SO = WA[A(T RY/GN] = WA[T dr/an + RaT /@] - oo

y

where R is the reflectivity (or transmittance) of the sample. As will be

discussed later, we can devise two feedback loops to make either SRC or
Sgc constant, and either Sﬁc or Sgc vanish. - For example,
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AC

with SRC = C (constant) and Sg = 0, we can have Sgc(x) = CR(N) 'and.
SﬁC_= CA(dR/RdA) from Eqs. (9) and (10). Other combinations enable us

to measure simultaneously either R and dR/dx, or 1/R and dR/RdA.
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ITT. EXPERIMENTAL LAYOUT -

~ We show in Fig. 1 a block diagram of the entire system of our
wavelength-modulation spectrometer. Let us consider the optical part

of the system first.

A 1/2-meter Jarrell-Ash monochromator with adjustable slits is
used in the setup. To achieve wavelength modulation of light, several

-1
d.9 5 In our case, we use a

different methods havevbeen propose
vibrating mirror to perturb the optical path inside the monochromator
periodically. The beam emerging from the exit slit is then wavelength-
modulated. However, in order not to modify a commercial monochromator
internally, we have used an eXterna] slit .E to provide the function

of the entrance slit with the help of the spheriéa] mirror S, as shown
in Fig. 1. The vibrating mirror M, mounted on a torsional tuning

fork with é frequency of 1 KHz,‘is then inserted between E and S].

| - The beam from the exit s]itlof the monochromator is now reflected by'
spherical mirror 52 and focused on the beam chopper_ C' which splits
the beam alternatively into a transmitted beam and a reflected beam.
The transmittéd beam is focused on the sample by the spherical mirror
.Sg, and then the light reflected from the sample is, in turn, focused
on the photodetector by the spherical mirror 54. On the other hand,
the reflected beam from the chopper is directly focused at the same spot
on the photodetector by the spherical mirrqr SS‘ Hefe, caré is téken |
to make the'obtical paths of the two beams as equivé]ent as possible.

In particular, it is importantithat the two beams go through the same

number of mirror reflections. A1l the mirrors are Mng-coated Al mirrors

forAefficient reflection in the UV.
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Another important component in the optical system is a saw-tooth -
diaphragm D Tlocated in front of the monochromator on the enfrance side.
Its position in the beam affects the spectral function I(A) in Eq. (1).
If the diaphragm is now driven via a motor by the electrical signal SQC
(or Sgc), then it will automatically position itself so as to make

ﬁC (or Séc)vanish. This feedback system is important for the elimina-

S
tion of the large background in the dgrivatiVe spectrum as we mentioned

earlier.’

Next, we consider the associated electronic system in the.setup
with the block diagram of Fig. 1. As we mentioned earlier, the beam
cﬁopper, acting as ah optical switch'at a freqﬁency of 5Hz, splits fﬁe
liéht beam into two beams which then hit the photodetector alternatively.
The output from the photodetector appears as a 5 Hz square wéve with

1 KHz sinusoidal modulation superimposed on it (Fig. 2). “The two poktidns

of the square wave can be described by SRC +_sﬁC coswt and
sDC + séc coswt, respectively.

B

- The preamplifier fo]]dwing the photodetectbr adds a constant negative
volfége -V; to the square wave. Then, and electronic switch operating
~synchronously with the optiqa] switching alternatively sends the signals
 from the two beams into two channels. At the input of éach Channé], a

capacitor in para11e1 is used to keep the dc level anhanged durihg the
- off period. ' '

The dc and the ac signals in each channel now go into a dc amplifier

- and a lock-in amplifier respectiveiy. From the two channels, we then have

altogether four output signals, SRC - C and 530 — C  from the d§'amp]i?'
fiers and ,SQC and SQC from the lock-in amplifiers. We use either
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DC DC : L o
Sp7 - C or Sp” - C as an error signal in a negative feedback loop to
control the gain of the photodetector. Consequently, we have either

DC DC _ AC AC

SA =C or SB = C. We also use either SA or SB as the error

signal to drive the diaphragm as we discussed earlier. This gives us

. AC _ AC _
’e1ther SA —.0 or SB =

0. Finally, two of the output signals not
involved in the feedback are recorded either on chart recorders or on

digital units.

One of the important parts in this two—beam sysfem is the switching
unit. We realize that during switching, the 1ight spot hits the edge of
the chopper blade, and.consequently, part ‘'of the light beah is transmitted |
and part of it reflected. If this period 6f actual switching~operétion
wefe not blanked, a false signal would appear at the output. This short
blanking interval for both channels is provided in our system by a second

e1e¢tronic switch in the switching unit.
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IV. DISCUSSION AND EXAMPLES

- The wavelength-modulation spectrometer described in the previous k
sections has been used to generaté excellent derivative spectra of many
sem'iconductors]6 and meta]s.]7 Several important aspects of the spectro-

meter are worth emphasizing here.

1. With the modulation schéme we choose and the optical arrange-
ment we use, the positions of the Tight spot on thé sample
and on the photodetector remain stationary. This avoids
error which would be indﬁced by the motion of the 1ight.spot
on the sample and.on the photodetector as a result of the
slightly different local response of an optical surface.

Such a difficulty exists in the system 6f French and ChurCh.g

2. By making the optical paths of the two beams in the system
more or less equiVa]ent, we have minimized the error which
might be induced otherwise. In pérticu]ar, we focus the two

| beams at the same spot bn the photodetectdr. Focusing of the
two beams at different spots on the photbdetector or the use
of two photodetectors is often the source of trouble in some

wave]ength-modu]ationvspectrometers.]0~]3

3. We use feedback instead of electronic subtraction in our systém
 to cancel the huge background in the derivative spectrum. This
scheme is obviously more effective whenever the background is

compafabie with or larger than the signal.

10
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The derivative spectra we have obtained with this system are
essentially free of background trouble. With good optical alignment,
zeroes in the derivative spectrum match well with thé maxima and minima
in the conventional §pectrum. As an example, we show in Fig. 3 the
recorded spectra of dR/dx and R of GaAs at liquid He temperaturé'
between 2000A and 4500A. The cancellation of background in this
spectral range is always more difficult since a Xe arc lamp is used as
the light source. Without cancellation, the sharp Xe spectral lines
would appear in the derivative spectrum aSia background three orders
of magnitude larger than the signal we try tb detect. As seen in Fig.
3a, our derivative spectrum of GaAs shows‘almost complete cance1]ation
of the background. ‘Arrows in the figure point at the-small residual
structures of the Xe lines which are still present, but well within the
tolerable 1imit. This spectrum was taken with~a‘s1it width of 16A, a
peak-to-peak modu1afion amp 11 tude of 3OA,ba scan rate of 50A/min, and a
lock-in time constant of 10 sec. Some tests with smaller slit width and
‘modulation amplitude were performed to insure that there was no distortion

of the narrowest peaks.

As seen from Eq. (7), for better signal-to-noise ratio, the modulation
amplitude A and the slit width W should be as large as possib]é, but
then for better resolution, they should be as small as possible. Normally,
we;choose A and W to be sufficiently small compared to the width of |
- the narrowest peaks to be observed, and in order to maximize the signal,

we shoose A and W to be equal.

To minimize noise, we should keep the time constant of the lock-in
detector for the signal as large as possible, but compatible with the

scanning rate of the spectrometer. However, it is interesting to remark

11
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that a slower scanning rate plus a larger lock-in time constant would not
make'canCellation of the Xe lines in Fig. 3a better. Thefe, the small

v resfdua] structures actually came in because the Xe lines were narrower
than the hodu]ation amplitude so that the approximations in Eqs. (6) and
(7) became less perfect and, hence, compTete cancellation of the Xe lines

was not possible.

To show the consistency of the derivative spectrum with the convehtiona]
spectrum, we obtain R(A) in Fig. 3c by numerically integréting dR/dx
of Fig. 3a, and compare it with the measured R(X) in Fig. 3b. It is seen

that the two spectra in Fig. 3b and 3c agree very well.

In principle, theAderivative spectrum can be obtained from the con-
ventional spectrum by simple numerica] differentfation.]8 However, we
héve found that on1y with a Sophisticated averaging program in the numerical
calculation can we achieve as good a signa]-to-noise ratio in the derivative
spectrum as we can obtain direct1y'from our spectrometer. Incidentally, the
advgntage qf derivative spgctroscopy is t]ear1y mgnifested in Fig. 3 since

it would be difficult to recognize the small structure in R without the

help of the derivative spectrum dR/dX.-

We have shown how to build a wavelength modulation spectrometer to
measure simultaneously (R or 1/R)'and (dR/dx or dR/RdA) oVer a wide
spectfa] range, using most]y,commekcia]]y-avai]gble_components. The spectro-
meter can be used to study optica] propertieé of materials by either
absorption or‘reflection measurements with or without_e%terna] perturbation.
Although the present operatfng range of our spectrometer ié between 2000A

and 8000&, extehsion further into the infrared and the UV regions needs

12
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only slight modification. We are presently in the process of extending
the UV operating range to about 1400A. Modification of the spectro-

meter to yield second derivative spectra is also possible.

1
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" FIGURE CAPTIONS

Block diagram of the wavelength-modulation spectrometer. E,
external slit; M, vibrating mirror; D, sawtooth diaphragm;

C, Qeam chopper; SI,»SZf S3, Sg, S4, spherical mirrorsf

Output waveform from the photodetector.

GaAs spectra at 1iqu1d He temperature.

(a) Derivative spectrum dR/dx Versus A

(b) Conventioné].spectrum R versus )

(c) R versus XA obtained by numerical integration of
dR/dx in (a) }

Arrows in (a) point at the residual structures of the Xe Tines.
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